In many applications swirling flow is used to enhance heat and mass transfer. One of the problems of modelling a turbulent swirling flow is the choice of the turbulent closure model which is acceptable for engineering purposes. To evaluate which model performs best, numerical results are compared with experimental data. Local velocity measurements are carried out on a swirling flow in a circular tube. The measurement method is hot-wire anemometry combined with visualization techniques. The numerical analysis is carried out using the k-s model and the Algebraic Stress Model. In the experiment a symmetrical swirl was observed. Comparing the experimental data with the numerical results shows that the Algebraic Stress Model represents the experimental data quite well, whereas the k-s model fails. KEYWORDS k-c model Algebraic Stress Model Swirling flow Hot-wire anemometry.
INTRODUCTION
In combustion and other equipment, turbulent swirl is often used to enhance heat and mass transfer. This indicates the need •for an accurate mathematical description of this type of flow. Many descriptions have been developed for turbulent flow phenomena e.g. Prandtl mixing length model, k-c model, Algebraic Stress Model (ASM), and Reynolds Stress Model (RSM). The first three models are generally available. Only the last three models are expected to give reasonable results.1'2 '3 The aim of this study is to evaluate the standard k-s model and the ASM by means of experiments. The Prandtl mixing length model is not expected to give accurate results because a turbulent length-scale needs to be produced for the whole flow field. The RSM is considered too complex and expensive for practical applications. Similar experiments have been conducted by Kitoh.4 Kitoh did not compare his experiments with calculated results. His experiments concentrated on the decay of the swirl along a tube and on the local character of turbulence phenomena. We are mainly interested in the velocity distribution in a number of downstream cross sections of the tube and in the global character of turbulence, expressed in the turbulent kinetic energy.
EXPERIMENTAL SET-UP
The flow in the test-rig ( Figure 1 ) has a Reynolds number of 10,000 based on the bulk-velocity U,,, measured by means of an orifice. The airflow in the test-rig is 0.22 m3/s with an average bulk velocity Urn of 7.5 mIs. The design of the swirl-generator is shown in Figure 2 . The cross-sections where the velocity profiles are measured are located downstream from the swirl-generator at a distance of 9, 10 and 18 pipe diameters respectively. At those positions a facility is made to insert a probe. In the probe a hot-wire sensor is mounted. At each cross-section 32 measuring points are placed on two orthogonal axes. The flow parameters of interest are the mean velocity components in axial, radial and tangential direction, the turbulent kinetic energy and the swirl number. The turbulent kinetic energy Ic, is directly calculated from the fluctuations of the velocity components written as From the axial and tangential velocity distributions the swirl-number in a cross-section is calculated giving information on the intensity of the swirl. The Here are~the mean axial and tangential velocities. The radius of the tube r0 is 96 mm.
To measure the velocity components a hot-wire sensor, whose design is shown in Figure 3 , is used. It consists of two orthogonally placed platinized tungsten wires (diameter: 5 jam, selective length: 2mm, aspect ratio lid: 400). The signals from the anemometers are correlated to the instantaneous velocities through Jorgenson's relation,5 yielding for a single wire UCffUZ+kUr+hUcp (3) where Ueff is the effective velocity "felt" by the wire. The yawfactor k and the pitchfaetor h are introduced to correct for cooling of the wire due to other velocity components than the component perpendicular to the wire ( Figure 4 ). the yaw and pitch factors are calibrated as function of the yaw angle a and the pitch angle •. Placing the wire succesively on one of three axes of a local orthogonal coordinate system the following matrix equation per measuring point is derived /z4\ /1 h2 k2N~_1 fi4,i,\ u~J=j 1 k2 h2 1~I U~a,e~J (4) \u~J \k2 h2 1!T he subscripts ë1, e2, e3 denote the direction of the wire. By expression (4) the magnitude and the direction of the velocity vector are determined. The sign, however, is not defined due to the measuring principle of cooling. For each measuring point the sign is found by means of simple visualization techniques using smoke and tufts. The anemometer used is a DISA Type 55D00 Universal Anemometer, whose signals are converted by a Tecmar Labmaster AID converter. The converted signals are modified and stored in a PC-AT using the software package ASYST. At each measurement point 100,000 samples were taken with a frequency of 20 kHz.
NUMERICAL SIMULATION
To solve complex physical problems like swirling flows a numerical approach is needed. Hence space must be divided into discrete elements setting limits to refinement. The high-frequency and spatially very small fluctuations of turbulent flow variables cannot be quantified directly. Consequently, each flow variable is split into a time mean component and a superimposed fluctuating component. If the terms in the basic equations are split in this way, mean values of the products of the velocity fluctuations appear, acting as additional shear stresses, the so-called Reynolds stresses. For these unknown turbulence correlations, assump tions must be made. Essentially, this entails the formulation of further conserva tion equations. A good compromise at the present time between acceptable computer processing times and accuracy of the simulation of turbulent flow phenomena is the k-c model. This model consists of two additional differential equations for the turbulent kinetic energy k and the dissipation rate c. However the k-c model considers the turbulence to be isotropic. In a turbulent swirling flow the turbulence phenomena are expected to be anisotropic. The Algebraic Stress Model is developed from the Reynolds Stress transport equations in order to provide a simpler model accounting for anisotropic effects.
Steady state turbulent flow in a tube can be described by conservation equations for time mean quantities. The time mean continuity and momentum equations can be found in Kuo.6 The derivation of the transport equations for turbulent kinetic energy k and dissipation rate c is also given by Kuo.6 The kinematic turbulent viscosity, being a coupling between k and c, is given by çk2 (5) where the turbulent constant C,~= 0.09. For the empirical constants in the k and c equation the standard values are taken. The ASM is developed from the RSM in order to provide a simpler model accounting for anisotropy. The terms containing gradients of the Reynolds stresses in the RSM are replaced by algebraic relations.7 '8 Besides the three algebraic relations, the equations for the turbulent kinetic energy k and the dissipation rate e need to be solved. A complete set of equations expressed in cylindrical coordinates can be found in Kim.3 For the constants used in the ASM equations the standard values are taken. The ASM is rather complex and some problems with the stability of the numerical solution exist but it accounts for anisotropy and is expected to be able to cope with more complex flows, like swirling flows, than the k-c model.
The models presented above are only valid for fully turbulent flows. Close to solid walls and at interfaces there are inevitable regions where the local Reynolds number is so small that the viscous effects predominate over turbulent ones. To be able to account for the viscous effects and for the large gradients of the variables near the walls, the so-called log-law function method of Launder and Spalding8'9 has been used. The variation of variables near the wall is taken to be similar to the variation found in two-dimensional boundary layers. The value of k near the wall Ic,,, is supposed to be known from the regular balance equation for k. In calculating Ic,,, it is necessary to assign a value to the energy dissipation rate c. Near the wall, an assumption is made for the value of cp. 8~9 The inlet boundary conditions for velocity and turbulent energy are derived from the measurements. The dissipation rate at the inlet is coupled to the turbulent energy according to
At the outlet the normal gradients are set zero and the overal continuity balance is checked.
The numerical experiments are carried out in a 2-D axisymmetrical cylindrical domain with cyclic boundary conditions in tangential direction. The partial differential equations for the conservation of mass, momentum and the k-c resp. the ASM equations together with the boundary conditions and auxiliary relations form a closed set of equations. The governing equations can be expressed in a common form V(u,.k) = V(I',V~) +
where~stands for the dependent variables, F', for the exchange coefficient of the variable 4 and S, for the source term.
The numerical analysis is performed with both the k-c model and the ASM model. Equations of the form of Eq. (7) are solved by means of the finite volume package Fluent. The variables calculated are the mean velocity components in z, r and ç direction, the pressure field, the turbulent kinetic energy and the dissipation rate of turbulent energy and in case of ASM the other Reynold's stresses.
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The calculations are performed with a constant grid of 18 cells in the axial and 28 cells in the radial direction. First the solution is calculated with the k-c model taking about 700 iterations. This result is used as an initial flow field for the calculations with the ASM which needed 10,000-15,000 iterations on a micro VAX machine taking a calculation time of about one day.
COMPARISON BETWEEN CALCULATIONS AND MEASUREMENTS
The velocity and turbulent energy profiles are measured at 6 cross-sections in total but only the results at 9, 10 and 18 pipe diameters from the swirl-generator are presented in this paper. The first measured position is taken at 9-D where we expect that most local disturbances due to the swirl generator are damped. The inlet profiles are derived from the experimental data of the first measurement position, at 9-D from the swirl generator. To compare the numerical data of the axisymmetrical 2-D problem definition, all measuring data of the two orthogonal lines (0°and 90°) are averaged. The results of the measured inlet profiles as a function of the radius are presented in Figure 5 . These results are used as inlet boundary conditions for the calculations.
In Figure 6 , the measured and calculated axial velocity profiles with the k-c model and the ASM at 10 and 18-D from the swirl generator are given. At 10-D both models predict the measurements quite well. At 18-D the k-c model predicts an almost fully developed turbulent flow profile. The ASM approximates the measured profile more accurately. However at the wall and at the axis the differences are still large. The calculated radial profiles at 10-D and 18-D are almost zero for both models (Figure 7) whereas the measurements show a level between 1.5 and 2.5 mIs. The tangential velocity profiles are shown in Figure 8 measurement very well. At the wall however the difference with the measured profile is about 5% at 10-D and 20% at 18-D. From this it is concluded that the modelling of the wall region is critical.
The detailed shape of the proffles of the turbulent energy shows large differences between measurement and calculation ( Figure 9 ). In particular the k-s model gives large errors. In the calculations the turbulent energy is clearly dissipated close to the axis. Maybe due to instability of the vortex core this is a complex phenomena not modelled by 2-D formulation. In Figure 10 the swirl numbers of the measurements and the calculations along the test-rig are compared. In case of the k-s model the swirl number is much lower than reality. The ASM predicts a comparable decay of the swirl number as is observed in the experiment.
The estimated relative errors of the measurements for is, k and &1 are therefore respectively 12, 24 and 23%. These errors result from the addition of the error in the signal from the AID convertor (3%) and the errors in the yaw and pitch factors (5%). 
RESULTS OF A TURBULENT SWIRLJNG FLOW

CONCLUSIONS
In three cross-sections of a measurement tube, at 9, 10 resp. 18-D downstream of a swirl generator, the mean and fluctuating velocity components are measured with hot-wire anemometers. The measured profiles at 9-D were taken as inlet conditions for the numerical calculations with a k-s model and an ASM. The mean axial and tangential velocity components are calculated more accurately with ASM than with the k-s model. The discrepancy between the measured mean radial profile and the almost zero calculated profiles for both models is probably due to 3-D effects in the flow whereas the calculations are performed 2-D On account of the measured radial velocity profile the superposition of a secondary flow on a fully developed flow pattern can be expected. The secondary flow leads to a pair of rotating swirls in the cross-section of the tube. Secondary flow patterns are found in experiments by Smithberg and Landis.'°The dissipation rate of turbulent kinetic energy shows significant differences for both models whereas the decay of the swirl-number is predicted correctly with ASM. In general it is clear that the ASM approximates the measured data best. 
NOMENCLATURE
